Abstract. Background Cancer cells are traditionally characterized by increased glucose uptake, high rates of aerobic glycolysis, increased lactic acid production, impaired mitochondrial function and decreased extracellular pH. These characteristics are known as the 'Warburg effect' (1-3). The 'Warburg effect' is also observed in cancer-associated fibroblasts and mesenchymal stem cells (1-11), which secrete lactate and ketones into the microenvironment of the tumor. Lactic acid exists as L-and D-optical isomers. In mammals including humans, lactate is present almost entirely as L-lactate (12, 13). Interestingly, a variety of human cancer cell lines and human tumors, including breast, prostate, head, neck, and osteosarcoma cancers, import these metabolites and deliver them to the mitochondrial TCA cycle, thereby promoting ATP generation and cell proliferation (1-14). According to this 'reverse Warburg effect', tumor cells can induce metabolic reprogramming by shuttling lactate as an energy source to neighboring cancer cells, to the adjacent stroma and to vascular endothelial cells (1, 14) .
Cancer cells are traditionally characterized by increased glucose uptake, high rates of aerobic glycolysis, increased lactic acid production, impaired mitochondrial function and decreased extracellular pH. These characteristics are known as the 'Warburg effect' (1) (2) (3) . The 'Warburg effect' is also observed in cancer-associated fibroblasts and mesenchymal stem cells (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , which secrete lactate and ketones into the microenvironment of the tumor. Lactic acid exists as L-and D-optical isomers. In mammals including humans, lactate is present almost entirely as L-lactate (12, 13) . Interestingly, a variety of human cancer cell lines and human tumors, including breast, prostate, head, neck, and osteosarcoma cancers, import these metabolites and deliver them to the mitochondrial TCA cycle, thereby promoting ATP generation and cell proliferation (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . According to this 'reverse Warburg effect', tumor cells can induce metabolic reprogramming by shuttling lactate as an energy source to neighboring cancer cells, to the adjacent stroma and to vascular endothelial cells (1, 14) .
Tumors contain both aerobic and hypoxic regions that form a metabolic symbiosis that is crucial for tumor cell survival (15, 16) . The cancer cells located in the hypoxic regions export lactate, which acidifies the tumor environment; the cells located in the aerobic regions, however, import lactate and utilize it for oxidative phosphorylation (4). Bonuccelli and colleagues (2) suggested that L-lactate metabolism in cancer cells may explain why diabetic patients have an increased risk of cancer development and a tendency towards autophagy/mitophagy in their adipose tissue. An increased tumor L-lactate level strictly correlates with increased metastasis, tumor recurrence and poor outcome (6) (7) (8) (9) .
L-lactate metabolism and the reverse Warburg effect has been clearly established in osteosarcoma cells. It has been demonstrated that the secretion of lactate and ketones by the mesenchymal stem cells drives mitochondrial biogenesis and increases the mitochondrial activity in osteosarcoma cells (1, Figure 1 . Experimental design. Osteosarcoma 143B cells were first treated with L-lactate to induce the reverse Warburg effect. Afterword, the cells were continuously treated with L-lactate and/or 2-ME. Cells treated separately with 2-ME and control cells were also used.
Twenty microliters of CellTiter 96 AQueous One Solution Reagent was added to each well of the 96-well assay plate containing the samples in 100 μl of culture medium. The plates were incubated at 37˚C for 4 h in a humidified 5% CO 2 atmosphere. The absorbance was recorded at 490 nm using a 96-well plate reader. The results are presented as the percentage of that of the control cells (untreated cells). Each experiment was performed at least three times.
CalcuSyn software 2.11 (Biosoft) . The analysis of interaction between L-lactate and 2-ME was performed as previously described (14) using a general equation for the dose-effect relationship. This equation shows the relationship between the Dose and the Effect in the simplest possible form:
where: D the dose of drug Dm the median-effect dose signifying the potency (see below) fa the fraction affected by the dose fu the fraction unaffected, where fu=1-fa m an exponent signifying the sigmoidicity (shape) of the dose-effect curve (see below) The median-effect plot: A plot of x=log (D) vs y=log (fa/fu). Dm value: The median-effect dose or concentration. log Dm is the x-intercept of the median-effect plot. m value: A measurement of the sigmoidicity of the dose-effect curve; m=1, >1, and <1 indicate hyperbolic, sigmoidal, and negative sigmoidal shapes, respectively. Determined by the slope of the median-effect plot. r value: The linear correlation coefficient of the median-effect plot. Combination index (CI): A quantitative measure of the degree of drug interaction in terms of additive effect (CI=1), synergism (CI <1), or antagonism (CI >1) for a given endpoint of the effect measurement.
Cell migration assay kit (BioVendor).
The cell migration chips were coated according to the manufacturer's protocol. Next, the cells were loaded into the pre-filled chips at a density of 9×10 5 cell/ml in the appropriate medium containing 2-ME, L-lactate, or the combination. The chips were placed in a humid chamber and incubated at 37˚C with 5% CO 2 . The migration of cells was then observed. The post-migration cell morphology was determined by fixation with 10% formalin and staining the cells with crystal violet. The migration distances were observed using a phase contrast inverted microscope after 0, 6, 12, 24, and 48 h of incubation (magnification ×40, scale bar: 30 μm).
Ki-67 Proliferation assay. Osteosarcoma 143B cells were seeded into 6-well plates at a density of 3×10 5 cells/dish. After 24 h, the cells were incubated with 2-ME and/or L-lactate according to the experimental design. Afterwards, the cells were fixed, permeabilized and stained with an antibody to Human Ki-67-PE. Afterward, the cells were analyzed (5,000 events/sample), and the signals were detected using the Muse Cell Analyzer (Merck Millipore, Warsaw, Poland). The results were then analyzed with the Muse 1.4 analysis software. Each experiment was performed at least three times.
Mitochondrial membrane depolarization. Osteosarcoma 143B cells were seeded onto 10 cm culture dishes at a density of 2×10 6 cells/dish. After 24 h, the cells were incubated with 2-ME and/or L-lactate according to the experimental design. The cells were then pelleted and incubated for 20 min with the Muse™ MitoPotential Reagent (21) according to manufacturer's protocol. After this, the cells were analyzed (5,000 events/sample), and the signals were detected using the Muse Cell Analyzer (Merck Millipore, Poland). The results were then analyzed with the Muse 1.4 analysis software. Each experiment was performed at least three times.
Autophagy LC3-antibody-based detection. Osteosarcoma 143B cells were seeded onto 10-cm culture dishes at a density of 4×10 4 cells/dish. After 24 h, the cells were incubated with 2-ME and/or L-lactate according to the experimental design. The cells were then pelleted and incubated with antibody detection reagents and stained with Anti-LC3 Alexa Fluor ® 555, clone 4E12 according to manufacturer's protocol. Afterward, the cells were analyzed (5,000 events/sample), and the signals were detected using the Muse Cell Analyzer (Merck Millipore, Poland). The results were then analyzed with the Muse 1.4 analysis software. Each experiment was performed at least three times.
Induction of cell death. The analysis was performed as previously described (19) . Osteosarcoma 143B cells were seeded onto six-well plates at a density of 3×10 5 cells/well. After 24 h, the cells were incubated with 2-ME and/or L-lactate according to the experimental design. The cells were then pelleted and incubated with Annexin V and PI according to manufacturer's protocol (BD Pharmingen, Poland). Afterwards, the cells (3×10 4 /sample) were analyzed, and the fluorescent signals of the Annexin V conjugate and PI were detected at the fluorescence intensity channels FL1 and FL3 (BD FACScan). The results were then analyzed with Cyflogic software, version 1.2.1. Each experiment was performed at least three times.
Statistical analysis.
The results represent the means±SD from at least three independent experiments. All microscopic evaluations were performed using randomized and coded slides. The differences between the control samples and the 2-ME-treated samples were evaluated using one-way analysis of variance (ANOVA) with post hoc testing with a Dunnett's multiple comparison test or a T test combined with Wilcoxon test. A p-value of less than 0.01 was considered to indicate statistical significance. The data were imported and analyzed with GraphPad Prism (GraphPad Software v.6).
Results
Effect of glucose on treatment with L-lactate. First, to determine whether L-lactate affected the cell viability as a function of low (lg) or high glucose (hg) medium, we observed the impact of a 48 h treatment with 10 mM Llactate on the viability of the osteosarcoma 143B cells ( Figure  2A ). As shown in this figure, we did not observe any significant difference in the cell viability between treatments with L-lactate in low glucose and high glucose medium. Thus, for the subsequent studies, we used the low glucose medium to limit the Warburg effect in the osteosarcoma cells.
Cytotoxic effects of 2-ME and cytoprotective effect of Llactate on osteosarcoma 143B cells. Our next goal was to evaluate impact of treatment with L-lactate alone and in combination with 2-ME on proliferation of osteosarcoma 143B cells using the MTS assay. In our experimental model, the osteosarcoma 143B cells were first treated for 24 h with various concentrations of L-lactate to increase the metastatic potential of cells (1, 2) . Then, to observe the anticancer effect of 2-ME, the media were changed to those containing L-lactate, or L-lactate and 2-ME at various concentrations, and the cells were incubated for 24 h longer. In addition, CANCER GENOMICS & PROTEOMICS 14: 483-493 (2017) 486 Figure cells were treated with 2-ME alone for 24 h. The cytotoxicity was then determined, and the EC 50 was calculated using CalcuSyn software (Figures 3 and 4) . Consistent with our previously published results (18) (19) (20) , the EC 50 for 2-ME was determined to be in the range of 1.29×10 -6 M ( Figure 2B ). As shown in Figure 2C , L-lactate at the high concentrations of 446 mM and 223 mM decreased the osteosarcoma cell viability with a calculated EC 50 value equal to 224.4 mM. In contrast, lower concentrations of L-lactate in the range of 29 mM to 1.7 mM resulted in pro-proliferative effects of the compound ( Figure  2B ). Importantly, 2-ME abrogated the pro-carcinogenic effect of L-lactate ( Figure 2D ). On the basis of these results and literature data (1, 2) , for the next studies we selected 10 mM L-lactate and a high pharmacological concentration of 2-ME: 10 μM.
Effects of L-lactate in low and high glucose medium on osteosarcoma cell viability (A). Effect of 2-ME, L-lactate and combination on proliferation of osteosarcoma 143B cells (B-D). The inhibition of osteosarcoma proliferation was determined using the MTS assay. The values are the means±SE of three independent experiments (N=6 replicate cultures
Antagonistic effect between 2-ME and L-lactate calculated by CalcuSyn Software. Subsequently, we used CalcuSyn software to determine the combination index (CI) and evaluate the interaction between 2-ME and L-lactate ( Figures  3 and 4) . The interaction between compounds is presented in Figure 3 as a Median-effect plot (A), a Dose-effect curve (B), while in Figure 4 , an Algebraic estimate (A), and a Fa-CI plot (B) (Methods section). The estimated CI value at EC 50 was 24344 whereas the CI value at EC75 was 2, which suggested an antagonism between 2-ME and L-lactate ( Figures 3 and 4 , Table I ).
Effect of treatment with 2-ME and/or L-lactate on migration of osteosarcoma 143B cells.
To determine the migratory potential of osteosarcoma cells that had been treated with 10 mM L-lactate, 10 μM 2-ME, or the combination, we performed a cell migration assay. As demonstrated in Figure  5A , the migration rate of the control cells was determined to be 7.7 μm/h. Moreover, we observed a dramatic increase to a migration rate of 18.6 μm/h for osteosarcoma cells after 48 h of treatment with 10 mM L-lactate ( Figure 5A ). In contrast, a 48-h treatment with 10 μM 2-ME reduced the migration rate for the osteosarcoma cells to 1.84 μm/h ( Figure 5A) . Importantly, the pro-migratory effect of Llactate was significantly reduced to 2.6 μm/h by 10 μM 2-ME ( Figure 5A ).
Impact of 2-ME and/or L-lactate on proliferation and
expression of Ki-67 of osteosarcoma 143B cells. Because Ki-67 is an important marker for the efficiency of chemotherapy in osteosarcoma cells (31, 32) , we next measured the expression of Ki-67 after treatment with 2-ME and L-lactate separately and in combination. As in the previous experiments, in our experimental model osteosarcoma 143B cells were first treated for 24 h with 10 mM L-lactate to increase the metastatic potential of the cells (1, 2) . Subsequently, to observe the anticancer effect of 2-ME in L-lactate-activated cells, the medium was changed to those containing 10 mM L-lactate or the combination of 10 mM L-lactate and 10 μM 2-ME, and the cells were incubated for 24 h longer. In addition, cells were treated for 24 h with 10 μM 2-ME alone. As shown in Figure  5B , a 24-h treatment with 10 μM 2-ME significantly reduced the Ki-67 expression to 38% whereas that of the control cells was 75.5%. In contrast, a 48-h treatment with 10 mM L-lactate increased the Ki-67 expression to 89% ( Figure 5B) . Notably, the addition of 10 μM 2-ME to the L-lactate-activated cells resulted in a reversal of the L-lactate-induced Ki-67 expression down to 74% ( Figure 5B ).
Impact of treatment with 2-ME and/or L-lactate on induction
of autophagy based on LC3 expression. Ki-67 expression is associated with LC3 expression especially early in the carcinogenesis process (33) . The osteosarcoma cells were treated with 10 mM L-lactate alone for 24 h and subsequently treated for 24 h longer with L-lactate or the combination of L-lactate and 10 μM 2-ME. In addition, cells were treated for 24 h with 10 μM 2-ME. The cells were stained with the anti-LC3/Alexa Fluor 555-conjugated antibody and analyzed using the Muse Cell Analyzer (Merck Millipore, Warsaw, Poland). The obtained data are presented as the autophagy induction ratio, which was calculated as the ratio between the target sample fluorescence and that of the control sample. As shown in Figure 5C , a 24-h treatment with 10 μM 2-ME resulted in induction of autophagy in 12% of the cells ( Figure 5C ). A 48-h treatment with L-lactate resulted in an induction of autophagy in 23% of the cells ( Figure 5C ). In contrast, treatment with the combination of the agents did not have a significant impact on the induction of autophagy ( Figure 5C ).
Impact of treatment with 2-ME and/or L-lactate on mitochondrial membrane depolarization.
Because one of the mechanisms for the anticancer activity of 2-ME is the induction of reactive nitrogen species (17-21), we next determined whether treatment with 2-ME and/or L-lactate affected the mitochondrial depolarization and further affected the induction of cell death. As in the previous experiments, the osteosarcoma 143B cells were first treated with L-lactate for 24 h, after which the cells were treated for an additional 24 h with 10 μM 2-ME and/or 10 mM Llactate separately and in combination. As shown in Figure  6A , we observed depolarization of the mitochondrial membrane in 61% of the cells ( Figure 6A ) which is consistent with previously published data (18, 21) . L-lactate used alone slightly changed the mitochondrial membrane potential (19% of the total cells were depolarized) compared with control cells (9.7% of total depolarized cells) ( Figure  6A ). However, after the combined treatment with L-lactate and 2-ME, the mitochondrial membrane depolarization was significantly increased: up to 78% of the cells were depolarized compared to cells treated with L-lactate or 2-ME separately ( Figure 6A ). 
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. Impact of 2-ME and L-lactate separately or in combination on the migratory potential of osteosarcoma cells (A), Ki-67-positive cells (B), and the induction of autophagy (C). The values are the means±SE of three independent experiments (N=6 replicate cultures

versus control cells (C).
Figure 6. Impact of 2-ME and L-lactate separately or in combination on the mitochondrial membrane depolarization (A), the induction of cell death (B, C). The values are the means±SE of three independent experiments (N=6 replicate cultures
Impact of treatment with 2-ME and/or L-lactate on the induction of cell death.
Based on the molecular crosstalk between the induction of autophagy and induction of cell death by 2-ME (34), the data were then compared with the induction of cell death. Consistent with previous studies (18), 10 μM 2-ME increased the number of apoptotic cells up to 51% compared with the control cells (4.7%) ( Figure 6B ). A 48-h treatment with 10 mM L-lactate did not affect apoptosis in the osteosarcoma cells. Importantly, a 24-h pretreatment and continued treatment of the cells with L-lactate did not affect the pro-apoptotic potential of 2-ME ( Figure 5B ). We did not observe any impact of the agents used separately or in combination on the induction of necrosis ( Figure 6C ).
Discussion
Mitochondrial function plays an important role in carcinogenesis and cancer dell death (35) . In early studies, cancer cells were thought to metabolize glucose through aerobic glycolysis due to impaired mitochondrial function according to the Warburg theory (36). According to the Warburg effect, cancer cells convert glucose to lactic acid, even in the presence of oxygen. This results in lactate production as an end product of glycolysis. Currently, there is evidence that metabolic symbiosis between hypoxic and aerobic regions exists throughout the cancer microenvironment (37) . Hypoxic cancer cells or cancerassociated fibroblasts produce lactate that is taken up by aerobic cells and fuels tumor growth in an effect termed the 'reversed Warburg effect' (1-3). This effect has especially been observed in breast cancer cells and osteosarcoma cells (1-3) . Only a few reports have considered the effect of 2-ME on mitochondrial function and the mitochondrial apoptotic pathway (18, 21, (38) (39) (40) (41) ). An anticancer mechanism of 2-ME is associated with the induction of mitochondrial oxidative stress resulting in the induction of the mitochondrial apoptotic pathway in cancer cells (38, 42) . It was previously demonstrated that 2-ME decreased mitochondrial membrane potential due to generation of nitro-oxidative stress leading to cancer cell death (17) (18) (19) (20) (21) 43 ). However, 2-ME also works as an inhibitor of mitochondrial respiration by inhibiting Complex I (39-41). Importantly, 2-ME-dependent disruption of Complex I was proposed as an alternative mechanism for its proapoptotic effects (39) (40) (41) . Interestingly, though 2-ME is believed to be nontoxic towards normal cells (44) , mitochondrial dysfunction induced by 2-ME was also observed in healthy cells e.g. normal lymphocytes or human embryonic kidney 293 cell line (41, 45) .
Bonucelli and coworkers demonstrated that L-lactate may play a causative role in breast cancer metastasis (2). Moreover, they observed an association between the altered levels of L-lactate and ketones as the end products of glycolysis in diabetic patients in whom there is an increased incidence of cancer development (2) . L-lactate was demonstrated to increase mitochondrial biogenesis and oxidative phosphorylation, which facilitate the migration of cancer cells (1, 2) . Consistent with these observations, our results confirmed that treatment with 10 mM L-lactate increased the proliferation and migration of osteosarcoma 143B cells. Importantly, the pro-migratory and proproliferative effects of L-lactate were reversed by treatment with a pharmacological concentration of 2-ME. The antimigratory potential of 2-ME has previously been demonstrated in various experimental models (17, 23, 24) . Herein, for the first time, we demonstrated the antagonistic effect between 2-ME and L-lactate. Importantly, 2-ME was able to reverse the pro-proliferative and pro-migratory effects in L-lactate-activated osteosarcoma cells. We demonstrated that the anti-proliferative effect of 2-ME is directly associated with decreases in the expression of Ki-67, which is an important prognostic marker in osteosarcoma (31) . An increased level of Ki-67 directly correlates with aggressiveness of tumors and their responses to chemotherapy (31, 46) . We determined that 2-ME may affect Ki-67 expression in osteosarcoma cells. It has been demonstrated that 2-ME has no antitumor effects on human endometrial carcinoma, in which it did not affect Ki-67 expression (47) whereas 2-ME decreases Ki-67 expression in breast cancer and hepatocellular carcinoma (48, 49) . Moreover, we demonstrated that treatment with L-lactate results in an increased expression of Ki-67. Previously, the expression of Ki-67 was positively correlated with activity of lactate dehydrogenase (50, 51), but not directly correlated with level of L-lactate. Importantly, treatment with 2-ME reversed the L-lactate-induced increase in the expression of Ki-67. The decreased expression of Ki-67 that was induced by 2-ME was directly associated with the decreased mitochondrial membrane potential and induction of apoptosis in osteosarcoma cells. The induction of cell death and tumor growth inhibition that are associated with the abrogated expression of Ki-67 was previously demonstrated (52) . The expression of Ki-67 was correlated with the level of LC3, a marker of autophagy (53) . Autophagy, for which the formation of double-membrane bound organelles known as autophagosomes is a hallmark, is a lysosome-dependent pathway for protein degradation. Autophagy delivers cytoplasmic material and organelles to the lysosomes for degradation (54) . The role of autophagy in carcinogenesis is context-dependent. It was demonstrated that the induction of autophagy is associated with DNA damage (55) (56) (57) . Autophagy has been shown to regulate some of the DNA repair proteins after DNA damage (55) (56) (57) . One the other hand, some evidence has demonstrated that some DNA repair molecular have a crucial role in the initiation of autophagy (58, 59) . The role of oxidative and nitrosative stress in autophagy has also been widely discussed (58) . In our previous studies, we determined that one of anticancer mechanisms of actionof 2-ME is the induction of double-and single-strand breaks due to nuclear hijacking of neuronal nitric oxide synthase (18, 19) . 2-ME was also shown to induce the DNA damage response pathway (19) . Moreover, it was suggested that a malfunction of the DNA damage repair system may result in chemoresistance of cancer cells to 2-ME and further progression of the cancer (19) . Herein, we observed that the induction of autophagy by 2-ME was strictly correlated with the inhibition of proliferation and migration and the induction of apoptosis in osteosarcoma cells. The correlation of the induction of autophagy by 2-ME with the induction of cell death has previously been demonstrated in various experimental models including osteosarcoma cells (60, 61) . Moreover, it has been suggested the molecular crosstalk between 2-ME-induced apoptosis and autophagy is associated with its impact on microtubule integrity in cervical adenocarcinoma cells (62) . On the other hand, the inhibition of autophagy increased the anticancer potential of 2-ME in chondrosarcoma cells (63) . Thus, autophagy could play a dual role in cancer by facilitating either cell death or cell survival. Autophagy is considered to be a tumor-suppressing mechanism in early-stage carcinogenesis and may mediate the therapeutic effect of anticancer agents (54, 55) . However, autophagy may also act as a pro-survival mechanism to protect cancer cells from various forms of cellular stress (64) . Indeed, the inhibition of autophagy was demonstrated to sensitize osteosarcoma cells to chemotherapeutic agents (64) . In cancer therapy, adaptive autophagy in cancer cells sustains tumor growth and survival in the face of the toxicity of cancer therapy. We also determined that the L-lactate-induced autophagy in osteosarcoma cells was correlated with its pro-proliferative and pro-migratory effects, whereas the combined treatment with L-lactate and 2-ME resulted in decreased autophagy. This suggested that the autophagy induced by L-lactate leads to resistance of cancer cells to chemotherapy. Importantly, we also observed that the induction of apoptosis was comparable in the cells treated with 2-ME, or the combination of 2-ME and L-lactate.
Conclusion
All obtained results confirmed that 2-ME effectively induced tumor cell death, but also acted on the tumor microenvironment. We have demonstrated that 2-ME is an efficient anticancer agent in osteosarcoma cells that underwent L-lactate-induced metabolic reprogramming. Due to the obtained data we suggest that L-lactate is not only an intermediate metabolite but also a signaling molecule. Notably, the level of L-lactate may be a marker of the efficiency of anticancer therapies. High Lactate levels are strictly associated with a poor prognosis and increased metastatic potential of the tumors (6, 7, 12) . The poor prognosis associated with an increased level of L-lactate may be strictly associated with its impact on pro-angiogenetic factors and the induction of mitochondrial biogenesis as well as a direct impact on cancer cell migration and proliferation (1-3) . Thus, the level of L-lactate may serve as a marker of the efficiency of anticancer therapies. Moreover, regulation of L-lactate level in the tumor microenvironment seems to be a new tool in the arsenal of weapons against cancer.
We are currently evaluating a plausible role for 2-ME in regulation of the mitochondrial biogenesis pathway. Undoubtedly, the role of 2-ME in regulation of bioenergetics and mitochondrial function is very interesting and remains to be elucidated.
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